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ABSTRACT 


Ammoniated electrons exist in solutions of the alkali metal amides 
in liquid ammonia which have reached thermodynamic equilibriun with 
hydrogen gas. By eee electron paramagnetic resonance and optical 
spectroscopy to measure the electron concentration an equilibrium con- 


in 
stant of 5x 10 was measured for the reaction 


and 4 x 107 for the reaction 
cae ee 25 i ne a J H 
ee a) 2 


Oo e e 
at 25. By determining the temperature dependence of the electron con- 
centration in these solutions a heat of solution of -19 kcal was estimated 


for the first reaction and -12 kcal for the second. 





I. INTRODUCTION 


Solutions of alkali metals in liquid ammonia are metastabie amge cus, 


particularly in the preserce of a catalyst, decompose to form Une Nagar 


amide end nydroren accordine tertne reacvion: 


x Cale 
+ VV = j + = iD 
e ~ we NH, 5 H ( ) 


if the metal amide remains in solution, or 


+ — ae : 
De ear NH, = MINH ( 5) + 5 Hy (2) 


if solid metal amide is formed. These reactions arc useful in the pre- 
paration of amides but often they are undesirable side reactions in tne 

8 5 s e ie ois 
study and use of metal ammonia solutions. Kraus’ suggested that a 
systematic study of these reactions was a necessary prelude to the study 
of more stable solutions. No one has actually measurcd the thermodynamics 


2 * ° + 
1? by correlating thermodynamic data for 


4,5,6,7 


Ol -e1Gner reaction bua Jolly, 


electrolytes in liquid ammonia estimated a value of approximatcly 


6 
LO for the equilibrium constant of (1) at 25° and PrereseG, tia. 4 


2 


pressure would contain 107? Me Using the same data, reaction (1) 


solution 1M in NH in equilibrium with hydrogen at 100 atmospheres 


was determined to be exothermic with AH = - 12 kcal. The purpose. oO” 
this work was to experimentally verify the reversibility of thesc re- 
SACU One and CO measure divec iy tiers equi tori Constants eda. cin 
Deracure dc pendence. 


ine effect of hydrogen pressurc on the electron concentration was 


measurcd up LO approxamacely LOO almospneres 1n solutions of ia. 2. 


+- 


and CsNII, . Chesaumide 2on Concentration dependence -0f Thig ees (2 ora ews 


Sudied Dramirily on Solictons of KNIT, wii CWO: uns 2 Soli ol ene. 0: ee 


The temperature dependence of the equilibrium reaction (1) wis 

investigated for several solutions of KN, « A saturated NaNil, solu 
ce 

was used for studying the temperature dependence of reaction (2). 


did not study NaNI{, solutions at concentrations below saturation beegaae 


2 
Coe rLeOvasOlwOii cy <o., NaNu,, (Oey p,/100 eg ee Ot a5°)8 made them too 


difficult. to prepare in our apparatus. LINK, and the amides of the 
alxaline earths are nearly insoluble and samples containing thom failed 


. 9 
show an EPR spectrum even when run at temperatures as high as 80 and at 





hydrogen pressures of 10 atmospheres. 

Measurements were made at ap rather than at the sub zero temperatures 
normally used in Liquid ammonia studies so that the data could be easily 
compared with other tabulated thermodynamic data. Also, equilibrium is 
reached more rapid iy: at the higher temperature, and based on the predicted 
exothermicity of the reaction, the electron concentration would be much 
greater at 23 than at O or lower. 

The.basic experimental problem was to measure the concentration of 
ammoniacai electron at various concentrations of amide and at different 
hydrogen pressures. The electron’ in liquid ammonia has a single, extreme 

_ 2 
sharp paramagnetic resonance absorption (half width ~ 0.06 gauss).~ This 
makes it possible to use Electron Paramagnetic Resonance (EPR) to observe 
very low concentrations of the ee eee in solution. We found that when 
measured amounts of potassium and ammonia were sealed in glass tubes and 
the reaction was ellowed to take place, an EPR spectrum corresponding to 
che eee measured by Hutchinson and Pater? was observed. Tne 7 Pies 
mocnot was employed in several experiments, particularly in the tempera- 


ture daecndenceaggeudy. 


Metal ammonia solutions of eve~ low concentration @ré inGiemigery die, 


EN 3 
Re eo aes 


indm@@ecing a very high extinction coefficient in the near incra 
LO AL he ie ve : f= 7 7 JE fs <a 
and Jolly and others have studied these solutions at varzous  sem- 


peratures and have found the molar extinction coefficient at the absorp*ticn 
eye 


-— 


b be eet 
peak to be about 10 liter moles “em ~. Corset and Lepoutre 


ves 


eae 
their measurements at 24°, and we used their extinction coefficient carta 
Pyeour calculatione.- From Cie equi liori um value: esuimated by Jolly ws 
calculated at a 1 molar solution of AML, at 100 atmospheres of hydrogen 
pressure in a cell with a -10 mm path length would have an absorbance o7 
O11. Our early work with EPR indicated that the equilibrium constent 
was close to 10? ance un Si would) Vie eat BOSOroanece OL. ai ie came cog 
was therefore quite suitable for this stuliy and a cell was designed to 


withstand the high hydrogen pressure required. 


Se 


IT. OPTICAL DETERMINATION OF THE ELECTRON CONCENTRATION 


A. Description of the Optical Cell 


The high pressure optical ccll is shown in Figs. 1 and 2.  [i@aeaees 


of the cell was made from a heavy piece of stainless stccl for three 







reasons: to resist attack by the solutions to be studied, to Conv age 
high pressures anticivated and to act as an efficient heat reservoir Go 
dissipate the heat absorbed from the IR source oS the sample. The windows 
were made of Pyrex and were approximately 1 ecm thick. The O-rings were 2 
special ethylene -propylene composition (Porter Seal Co.) selected for 
their resistance to attack by metal ammonia solutions. A stainless steel 
bellows seal valve was used as a master valve for the same readsoms teine. 
less steel, V scated, packed valves were used ae manifold. Staite 
steel tubing and Swagelock fittings were used in the construction of the 
manifold and gage connections. When assembled, the unit could hold 

136 atm of helium gas for a period in excess of 24 hours. 

Temperature control was accomplished by circulating water fram a the 
'mostat through copper heat exchange coils soldered to the body of the ccll] 
the temperature was measured with a Rubicon potentiometer using a copper- 
constantar. thermocouple located in a well a few are oe from the samp] 
cavity. The temperature was maintained +40 within + 0.1. 


rressure was determined by means of a stainless steel Bourdon page 


(1.36 atm). By fitting the tip of the- gage pointer with a thin piece of. 

flav metal mounted perpendicular to the gage sace, readings coul¢c gems 
fm 1 ¢ ® ° t 

maiged au: 1/0 ef A wqivisiod (2052 en 


‘ 


ell was mounted o2 4 base pigwcte with adjustable clemps desigme 


ey 


~~ 


(> 
QO 


PG Permit accurate, revroduci i eters. ile Of “One Wiig tno one vee 


Gage 
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Pig. 1 Optical Cell Viewed Along Axis of the Light Peam. 





oe Peers 


6 oo 


| tH 





NO IN ARENT IE th A LOD he ST, 


uiog HHS 


=6— 


7 
. 
=a 
' 
= SS 25) 


SNE Be A A ee et Ot ee 


eBulyy Buruiproy 


. | 
SS or tre > SNS Ee BRE Fe FO ERO BS Oe me Sates ee EE SS ee Eee Resta ye WEMOSA WTI STE. = ie 


Hog Puljyl 


remes: 





Cross Section of Optical Cell Through Filling Pores 
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oO 
~~ 


compartment of a Cary moder 14 recording mpectropnotometer. Once th 
proper position had been established, the cell could be reposit-oned 
By Slip restr ine Gao two eiees OF the Gase place were, 2 oo Ice 


Vigie evo Velo oO: tae veOnnar rene. 
Be COULer ey Ongiel boos cae ee 


The toot pach enetn ot Ne opolea. Cell was meena eat measures. 


With @ micrometer caliper: First. the thickness of the metal av 


ry 


sample cavity was measured to determine the path length, then, afte 
carefully measuring the ees or th> plass windows, tne cell was 
assembled and the retaining ring tightened. The distance between the 
outer faces of the glass windows was measured. The thickness of tne 
glass was subtracted to give the path length. The two measurements 


agreed within the accuracy of the instrument indicating that there wa 


9 


glass to metal contact and the O-ring does not effect the path Lenech. 
The cell was nressurized and the path length measured again. The pro- 
cedure was repeated at several pressures. The results are listed in 
Tee 

The light path Length was also checked against a ceil of known poth 
bene@unevsine the L2000 A-ensorgsion band ox 2 solution of methanol in 
ea ether. <A value of 9.96 mm was obtained which, considering the pos- 
Sipilemterrors in this technique, agrees with tne eeiaq1cay measur een. 


The values listed in Table I were used in our calculations. 


ice Oew. Waselt LeCrrs Lacie NES Onde G2 bec es Ure le 


the ‘spectrum was ché¢cxed at several pressures up COmmboul 150 aumcs- 


. Y yt aa ye = V4 
DHherese. 1VCr Oven: Pas Was USel CO eee G27 ee Cele. 2S Yee. 

e x e Ban ® : = ao oe cr ~ a - at 3a) 
imMcucaced An iNcrease In speor oe cle MM 1 O85 Se es ere 


. e ? t at 7 e : > ~ rae . a As ! LL fs py 
This incred ye was 1.7%, he ch vor ip aaa rec c Prom weve lowes 


A 


é 


Ou 


2 


Paes 
Bifect of Fressure on the Light Pacn Length of thesCouica) Cee 





Gage Measured 
Peer eae Path length Percen: 

atm. Grea 0 2 0Gu: Change 

0 0.992 0 

Le | 0.994 Oe 

ao C2090. Ose 

dD 0.998 _. SRS 

70 12002 ae 
LOO 1.0044 lie 
150 1.006 1.4 





Length data of Table I. Maybury and Coulter=" measured the adiabatic 
compressibilities of liquid ammonia solutions and from this data we 
estimated an increase in the density of liquid ammonia of 0.5% per 100 
atmospneres increase in pressure. We conclude that the measured in- 
crcase in the absorption was the result of a change in both path length 
and density. 

When calculating the concentration of the absorbing species) i roamed. 
absorbance data, the net absorbance was corrected for the density change 
Dy MMLC Disine py “the factor 9. fs. 5 107? Puy): Except at pressures 
near 100 atmospheres, this correction was negligible. The actual path 
length at a given pressure, as determined by interpolation of the data 
in Table I, was used in the Beer~Lambert equation to calculate the 
eleetron conesintravicn. 

Tne volume of the cell was checked on a vacuum line by fillineseae 


eecll to a known pressure of nitrogen, as rcad on @ mereury monometcr, ane 





then Toepler pumping the nitrogen into a fas DUres Of Known VOLume. one 
volume of the gage and the manifold were devermianed in The same man: 

The Bourdon gage was calibrated on a dead weight tester and a ealii- 
bration ehart prepared. Above moO -Apmospneres Ene tmarc: ved Old. erie. 
All readings were corrected by the use or the calibration chart. Perioc- 
ieally we ehecked the gage against a seeond ealibrated gage and verit.ced 


The sca loravion chart, Tne calibration-did: no. ‘change ever whe pertoc 


the gage was in use. 


C. Procedure Yor Obtaining Optieal Data 


” 


Prior TO 0use, “che opvieal cell -wis ecareiuliy veleaned, the mecca. suz= 
faces of the sample compartment eoated with a solution or 0.05 M cnloro- 
plorame (acid and GS Wolo G Ur ted). an Ooven ac 120°. This proce- 
qure dere a thin eoaving Gf placinum in the eeli “vo -aev as @ cavalysc. 

We preva red une amides gu cne tee LL Voy a e@ting anced tod mete wa ea 
ammonia. , and without this catalyst the dense bine color of vuhe meval 
solution persisted for up to several hours. The cell was assembled and 
leak tested with helium at 136 atm. 

The cell was attached to a vaeuum line and evacuated. The entire 
system was wrapped with heating tape and the temperature raised to about 
100°. Care was taken to loosen the retaining rings during the bake out 
Or preven. Cracxang Of the windows Wve Ce, Ehe ditt ereny coer. cen se. 
evpans.on of steel and pyrex. Ihe eell was pumpec- our Tor = minim oF. 

8 hours and then filled with dry, oxysen free nitrogen or argon. Licuie 
ammonia was dried on a vaeuum line by distilling anhydrous ammonia into 
an evacuated tube convaining sodium metal. The dry ammonia was cnen dis- 
tilled into a small steel cylinder (10 m1) equipped with a valve. This 


valve was closed, the cylinder wac removed from the vacuum line and 


-10- 


attached to the manifold of the optical cell. A small hole ( 1 em 
diameter) was cut in the end of a plastic glove bar Gia Company, 
Cheltenham, Penn.) and this was fitted over the filling port of the 


cell and sealed in place with "Duxseal" plastic sealing comnound (Johns- 
Bp 





Manville). The bag was continuously flushed with nitrogen or argon whid 
had been passed through a column packed with BIS Catalyst (BASF Colors ar 
Chemicals Inc:) to remove traces of oxygen and then through a Coliimames 
magnesium perchlorate to remove traces of water. The filling port was 
opened and a known amount of metal introduced, the port was closed and 
the cell was evacuated. The valve to ihe vacuum line was closed, cold 
water circulated through the cell heat exchanger, and ammonia distilled 
into the cell. When the cell appeared full, the master valve was closed 
ang ammonia in the manifold condensed back into the stcel cylinder using 
liquid nitrogen. The manifold was again opened to the vacuum line and 
pressure measured with a thermocouple gage to ensure thet no ammonia was 
left in the manifold. The cylinder was removed and welghed. THis) pmenem 
to be a very simple and accurate method of determining the amount of 
ammonia used. 

In the optical range in which the electron absorption band Occine 
ammonia has intense absorption bands. It was necessary to vake@ Peccaaa 
av wave lengths at which the emmonia absorption is a minimum. ‘The total 
absorbance, Ans at &@ Sliven wave length was considered to be the sum of 
the absorvance of the electron, the ammonia, the amide ion.and the Claes 
windows. % zero hydrogen pressure the concentration of the electron 
1s zero. Therefore, the absorbance due to the electron was taken to de 


the difference in the total. absorbance at pressure P > O and that at 


A - = ie 20) - A (P = 0) 


~~ 


In earlier experiments in order to determine the absorbance 2% zero 
MVyCrOCeummrescure,. Che hydrogen produced by the reaction was-serovcd. 
Amide was prepared in the cell DVR enGLane anmecailiwac o ammonia. Al cer 
ait OL une DIG Color Ned disappeared, ,the aycroser and amnonicy «cre 
carefully removed and the system evaporated to dryness on a vacuum line. 
A known amount of ammonia was distilled back into the cell as cescridedc 
earlier. Once the hydrogen pressure dependence or une reaccion nad Deen 
thoroughly established, this step was eliminated. Instead, tue tocal 
aosorbance was plotted against the square root of the hydrogen pressure 
ive. ine -eturapelLaued VO. 2ero syCroren prescure.. 

Water at 25° was circulated through the heat exchanger and the system 
alowed toe Come to equilibrium: This usually took 1. eo 2 hours scepencaiig 
Mpon Ghe concentration of the amide. 

ine celi. arenen pOsiyiOned- In The ssample Compare umena, 02 8 1Cacy 
model 14 spectrophotometer and the absorbance measured. Because of the 
sensitivity of the absorption band and the equilibrium to temperature, 
whe ecamole Was exDOsed.cO Ge. tent. source 1oOr vonly Gmor, wert ods. = ess 
than 5 seconds and allowed time to dissipate any heat absorbed before 
taking the next reading. To ensure that CQ slp ram. Nad, Seen rae .ec. 
tne procedure was repeated at 20 minute intervals until three succcssive 
readings gave the same value. ~ 

At this point hydrogen gas at approximately 150 atm was acded to 
the manifold. ‘This in turn was carcfully bled into the gare section 
Mntil @ pressure near chat desired was repistered on tne pare. The 
valve to the manifold was closed; the mister valve was opened, and the 


Peso Vas va Oved 2O COU ounce. ois nioema tl 00.0 > eo tO ce nice. 


eos 


equilibrium as established by three. successive absorbance rea cingae TALS | 

took from one to three hours depending on the coneentration of the amide 
. 4 

and tne pressure used. This proeedure was repeated until the desma 

data had been obtained. To test for reversibility in several ryruns, "Ge 

proeess was reversed, that is hydrogen was removed from the system. It 


was Impossible in this step to vrevent some ammonia fram coming orf with 


che hydrogen, and, with the exception of saturated solutions, changing 





vhe amide eoncentration. “he ammonia coming off was collected by PASS - 
ing the gas being removed very slowly through two traps at liquid nitrogel 
temperature. The hydrogen was pumped away and the amount of ammonia check 
by either eondensing into « gas bulb and weighing, or absorbing in a known 
quantity of acid and titrating. Both methods gave the same accuracy. 
The amide eoncentration was correeted DeSOrG 27 las 

Throughout the procedure, extreme care had to be taken to prevent 
Liquid ammonia eondensing pest the master valve and into the @age, re- 
sulting in a ehange in the amide eoncentration. This was done by both 
heating the gage to a temperature about ») degrees greater than tGaemeacums 
and by keeping the master valve closed except when taking a pressure 


reading. 
D. Determination of the Amide Concentration in the Ootieal Studaies 
A LE Ae ar Oe ry ene etnies a 


The concentrations of the solutions in the optical eell were determine 
from the weights of the materials used. The sodium and potassium samples 
were prepared in a dry bag flushed with dry, oxygen-free argon or nitro- 
een. A piece of metal was cleaned of all oxide and plaeed in an extrusiog 
Deas, A length of wire was extruded aml plaeed into a small Welding 


s e 5 ° ” » - 4 « o % s x 
botule which had been biked in an oven at 200° and then ecoled in the ary 


cas atmospnere. The sample was weighed and placed immediately inte Tk 
tL. The weighing dottle was then reweigned. when propery nanc 68 a 
metals remained shiny for up to 10 minutes. 

Handling eesium presented a much more diffieult probiem beeause oF 
its semiliquid state and extreme reaetivity. We found that we could 
deliver accurate volumes of clean eesium into the eell with a micro 
Mipecee Neaved. 7G 30°. The density of eesium at this temperature was 
estimacca ec 1.04 g/ee. The metal at 30° was drawn Weta Oa ne: Da pence 
which was kept at the same temperature. The tin of tne pipette was tnen 
placed into the filling port and dry nitrogen was used to foree tne meval 
Peek Die tee IM LO eneecell. 210 eso ipec le nad Oeen propery cleaned 
enaedy Led Mout elculon ere ANG ene! Ol 0eCCe em ured Creu. 7 eae 
envare peer took plaee in a well flushed glove bag. 

The volume of the ammonia solution was determined from the weight of 
ammonia used eorreeted for the amount of ammonia in the gas phase. Three 
approximations were necessary in this ealevlaviony firs<, uwieanw ee vyagor 
Pressure Of One wsollyton SOulLa.De ESsuiim ged Usane Racure 3 bev ssccouc. 
coac knowing the pressure sand -vyolumewor the ammonia fas= Une suber of moLcs 
of gas eould be ealevlated using van der Waal's equation for which the 
eonstants for ammonia are availadle;~? unire, UNaG- cies el eee iGe butece. ae 
eoneentration on the volume of the solution eolld be estimated cy aca. 
the volume of the amide formed, CaLeu LOGeG 1 rOMm ee ac ensiay O02 “ener co..e 

ee oe : 
ore de. vo the volume of the liquid ammonia caleulaved from its weimns. 
and eee BY suceessive approximations GHe 2OUNG 10. Munoz a 
Tne pac phese was Cancu laced wand - the volumevol une a0quld sdevermiced. 


Appendix A shows a sample ealeulation. 


TIT. DETERMINATION OF THE ELECTRON CONCENTRATION BY EPR 


A. Preparation of the EPR Samples 


The EPR samples were prepared by scaling measured ancunts of altal 













metal and ammonia in pyrex glass tubes and allowing reaction (1) or (2 
to reach equilibrium. In all of the samples studied the intense bila 
color of the metal solutions had completely faded and was replaced by @ 
yellow color of tne amide ion. 
The EPR sample tubes consisted of 3-millimeter pyrex tubing wnich 
been selected for uniformity of wall thickness and bore. The tubes wag 
fitted with a pyrex O-ring joint and annealed. The cross section of ya 
tube was determined gravimetrically using mereury. They were thorougad 
cleaned, rinsed with a 0.001 M solution of chloroplatinice acid, and aaa™ 
in an oven at 200° for 2 hours. This left a very fine coating of pleads 
on the walls to act as @ catalyst in the preparation of the e703 


metal and liaquid’‘ammonia. The presence of the catalyst did not inverig 
8 

Witme CNET SsDeCcrum and without. 20 The meacclon 7G or aecre amide was 

excremely slow. 

The tubes to be used in a particular experiment were placed) onium 
vacuum line, evacuated and flamed out. They were then filled with dry 
nitrogen, removed, capped and weighed. The tubes were transferred to 
dry bag and charged with samples of the metal which had been extruded 
from a hand press. The tubes were carefully reweighed, placed: 2 suum 
the vacuwn Line and evacuated. Dry liquid ammonia was then distilled 
onto the sample. Based on the weight of metal used and the cross sccugil 
of the tube, the approximate level of ammonia to give a desired concen 
oration could be determined. The tubes were sealed off and both sectiG 
weigned to determine the weicht of ammonia used. The tubes were sect Ga 


AY UO W OU Ole Gs 


4 


4 — 
—_ 


Certain experiments ealled for the addition of sodium bromice, po- 
ics Gl Wei Ona “Ol DOU iselcusy co une SOINULONs WiC Bal was ted 2a 
several hours at 180° and allowed to cool in a desieeator. Sh 
Ba) Ome, (OT Melis DOG GUL ony,. Were Weleiicd. On aero calc 
rede Wit en eScana ced. ameun. Ol; cnc Ceci, ed salt 7nd) reves noc. 9Fee 
eapillary with the salt was plaeed in th> EPR sample tube and the wnole 


Mai CVacuwavea 2nd Carcinu iy ft ihamed. hs sample cubes Mere 2iiten woo 


ary gas and the samples prepared as deseribea apove. 
B. Method for Determining the EPR Svectrum 


Pi wer one recculen Nadvm-ocned eCul live iii, vs sey cos cer 
the blue eolor of the metal solution had disappeared, the specvrum was 
recorded on @ Varian V-4502 Eien Speeur Omevcrs bi eemo ue Cry Gea Or (Co Oner - 
pierylnydrazyl, DPPH, was plaeed in the. eavity near the sample to a2et as 
a reference and intermediate standard. The temperature was eonvrolicd to 
SO. by passing dry air through a NCdee exenaneor ands unene cy inoue "oem 
dewar in whieh the sample was positioned. Figure 3 shows the arrangemenc. 
the temperature could be varied by ehanging the temperature of the heat 
exchanger bath and controlling the flow of air. Temocregure: was measured 


with a Rubicon potentiometer and copper-eonstantan thermocouple. 


Ine eleetron concentration was determined by indirectly eomparing the 
sample signel with that of a solution of recrystallized vanadium (IV) 
: & 
oxya2eetylacetonate of known eoncentration. = 
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the Q vaiue of the mierowave eavity is «seriously affected by the 
introduction of samples of varying diclectric eenene ern eer er noe 
une OQ value €cerensés the sensitivity of Cie Speccromecen and esis 
in a redueed signal intensity. This was compensated for by means of 


a 


4. ae z : . = 
vce JePh intermediate standard. When the speetrum of eaeh sample and 


tie 


@ 
iw! 
as 
om 
Q 
> 
© 
= 


Microwave Coavii 





ne EUR ele SSS Be Se Tee fT Dt ERS TATS RA a 8 9 EEE SSF A RSLS RSS Sr ART ieee PF a) 
Ss oe 8) = YS a” eae ae ere a ee Oa BNNs Be re PE a SS A re Te NE nak TT 8 OR 
t OF OA OD oe GZ 
te te, 


C 


Thermocouple 





ee A lL SS RE SCOTS iS 
5 . 
° 
oA =. { | 
a DPV REA Sete" 


lic 


a 
ri 
nermocou: 


a 


” 
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samoles was correctcd by the ratio of the corresponding 


PeNelulecesecorcine wo tne -equacton: 


a “(ongy/? 
Tp Z2(ons)/ 2g 


Then by determining tne concentration of spins in the reference sample, 


f* 


pe meceCOnCent suc OM Ol a. POLE cicesamp les could ype Calcuared. «eka Ss 7a: 


Chie Caleular Von. arcrsiown mn Appendix. C4. “tis -Vechiaquc 420, oeeco les 


18 


fOr any Chanre an veev ty .macen, or r-1 power (level. 
When comparing the relative signal intensities of a series or samo es, 
wo Snsumiment Was. cuned Covet -~ocone samo Se Gnd ali wee 2ne secu. os 
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tuning and leakage current scttings usually changed slightly:sand had 
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to Se vadjusved 1O their previous values. The only other aciusimens moce 
WAS TiC oeeeoln ei Necessary, cO Give a S2enal OF sur acieuc nn ae 
to be accurately recorded. <A numbocr of successive runs were made and the 
results compared. Readings on a given sample could be duplicated %o an 
accuracy of + 10%. 

the temperature dependence studies were done with the sample left in 
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place in the spectrometer. The temperature was changed and ecuilibrium 


allowed to take place. dhe suectoum was taken av 10 mimice ss er 6 ore 
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equi ta brium was Consicarce vo Nave been heacned shen 5 succacesyc 76.7 -- 
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diccea by this tomperature change indicated we nad been at equiltbriun. 


Cave Determinacion of bhc Judrocen Fescure ide wade 
COnCentrau Oncor voe FPR ecole 

The total volume of the prepared sample tube was determined trom ig 
inverna., (eneeneand. cross secvion. An 2djuscmenc (~ 0.295} was made for 
she rounded ends. The volume of liquid was determined by eitner direcus 
measuring the height in the tube or from the weight and density of tne 
solution. When possible, both methods were used and they agreed Wit la 
2%. 

After the spectrum had been recorded, the sample tube was placed im 


pecially built glass vessel which consisted of two lengths of 10 mm 
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pyrex tubing joined by a 29/0 standard tapered joint. The center line 
of the tubing was eccentric to the center line of the Joint. One or the 
tubes was approximately 20 em long and had a sealed end. Tnis aeu ae 
sample tube. The other tube was 10 em long and had been fitted aga 
vacuum stop cock and a ball joint. The vessel was atvtacned to a wieumg 
« e e e & * 
line and evacuated. The tube was filled with dry nitrogen gas @nG@e gam 
“a 
the Long end was placed in liquid nitrogen to freeze the sanplesaeiae 
vessel was again evacuated and removed from the line. Witn the ecenver 


nverted allowing the sample 
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line’ or both tubes in line, the vessel ‘sas 
to slide part way into the short tube. The sample tube was broken by 
simpiy rotating tne unit about the axis of the joint to put the centers 


lines of the tubes out of alignment. By means of a Toevler pumo, the 





nydregen was pumped into a 68S duret and measured. Two Liquid nitrogem 


vwraps in series were uscd to prevent ammonia from reaching the Divers 
the vessel containing tne broken sample tube was warmed very slowly [ogee 
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eoneentration. . See Appendix B. 
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Boe Opcace. wepecurs ol, sOliciens on NaNEy ONS and CoN, Were 7am 
eorded at 13,550 A and at hirdrogen pressures up to approximately 100 
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readings nad to be taken at a wave length where che ammonia absoroam 
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xhibits a minimum. It was desirable that this minimum be Tairiqgaaaes 
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(about 500 A) and at a wavelength for whieh the value of the extinction 


Sevileiers OF Lae eee Or spectrum was as high a8 possible.  Wesiieuaam 
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that the minimum at 13,650 A. satisfied both of these conditions and fame 
the most reproducible results. As a comparison, some measurements wereg 
made at 11,200: 12,500; 16,000 and 17,500 A, but gave less aeceptable 
Tesulve. 

es eee re ron’ coneentr ation at a hydrogen pressure P was ealeyviiag as 
as follows: From tne value of the total absorbanee at pressure 
Suotraeved the ree at P = 0 and multiplied the differences a) am 
density eorreetion, to give the net absorbance due to the €16€CU7 Gin 
concentration of the cleetron was ealculated by substituting the jv 
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of the net absorbanee ANT the extinction eoefrieient €, and Unemp aa 
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length d (Table I) into the Beer-Lambert equation. 
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for example, the net absorbanee of the 2.01 M KNE, solution equilibragam 


with 100 atm of hy@rogen was (1.125-0.325)(1-0.005) = 0.796. “Wienme 
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path length of 1.004 em and an extinction coefficient of 1.1 x 10° liter 
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V. RESULTS OF THE EPR MEASUREMENTS 
A. Determination of An Eouilibrium Quotient 


27 


As previously reported, we attempted to measure the equilibrium 
constant of reaction (1) using EPR. In the earlier work we found almost 
direct dependence of the equilibrium quotient on the concentration of 


. KN, « At the time it was believed that a decrease in sensitivity of 





the spectrometer was responsible. The later experiments utilized smalle: 
diameter sample tubes in an attempt to correct,the problem. Table IV 
shows the results. The equilibrium quotient was calculated both with 
and ne the use of estimated activity coefficients and plotted as 
Fig. 6. Extrapolation to zero concentration yields a value of approxi- 
ee 5» x 10" which is in good agreement with the optical data. 

Several ee ee carried ae to try to resolve the amide 
dependence. ‘In one test various amounts of KBr were added to e saturates 
. Nani, solution at constant hydrogen pressure to ore the effect am 
chaning ionic strength on the system. The results are shown in Table V, 
The scorn cone aerecten decreases with increasing ionic strengung 

One eee the effect on reaction (2) of.increasing the 
ionic strength would be to decrease the activity coefficient of the 
ammoniacal electron and in eee for tne activity of the electron to 
remain constant its concentretion ound increase. The trend ovserved 
here is the reverse of that, and eve snl p paged lene areas we can 
offer at this time is that it is due to a decrease in the sensitivity 
of the spectrometer caused by the high salt concentration. We were not 
able to assign any further signifvicance to this result. 


Anotner experiment was performed using varying; concentrations of 
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of KBr 


aa fe 


Effect of Changing Ionic Strength on the =PR Signal 
of a Saturated Soiution of NaBr in Equilibriwna with 
Hydrogen 


liyGrogen Relative 
Pre .sure oils 


Added ( vIn ) SC 
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Cee 


O.1 
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=0.58_ 


2h,0 1.59 
25.0 1.19 
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KN and attempting. to keep the ionic strength constant with KBr. The 
results are shown in Table VI. The psucio equiliorium quotient shown 
in the last column failed to remain ccna However, tne trendias 
the change in this value is the reverse of that in the equilibrium Some 
in Table IV. The value of the equilibrium quotient increases with de- 
creasing amide concentration. Unfortunately we were again faced with 
the problem of predicting true ionic strength without a knowledge of Tl 
degree of dissociation at room temperature. 
If we conclude that the KBr is more dissociated than INTL, then we 
sce that the ionic strength increased when the KBr /IQH, rat Lo increased 
resulting in an increase in the dielectric strength of the sample andi 
loss in sensitivity. 
The final experiment attempted to show that the law of mass action 
was obeyed. Here we kept the ionic strength constant by using a high 
concentration of KBr. Various amounts of NaBr were then added to a 
saturated solution of NaNH, « Table VII shows the results. The elect 
concentration decreases with the addition of sodium ion as would be 
predicted, however, the equilibrium quotient calculated on the basis of 


& 


the equation 
+. 


Na +e + NH, = NaNHy (6) sil, 
is still not constant. This may be due to an error inthe ionic strengt 
value used in selecting values for the activity coefficient from the 

ca eeo eerie The ionic me ON oiaecet ones constant 
end to equal the sum of the concentrations of K8r and Nabr and because 


of the lack of data at 25°, the difference in the degree of dissociation 


oO; the two salts was not taken into account. 


7. 
= 70) = 














Table VI. Changing IN, concentration witn total potassium constant 
eet ay Sa ee =e 
et 
Concentration . Hydrogen Relative Signal spel (NE, 
IONE, KBr Pressure InvensLLy, ea 5 
On O eh. 05 C5) oO 
0.84 On10 2320 Ms 0.29 2.9 
QO. 79 0.20 20.4 Od 0,22 a 
0.65 0.50 20.6 1.00 0.22 D0 
0.63 O. 40 2825 0.80 Oso ne 
0. 49 O50 7 Bea O55 0.12 4.4 
Table VII. Effect:-of adding a common ion at constant ionic strength 
+ 
M Relative Hydrogen Na 1/2 ie 
NaBr Signal . Pressure Cone. S/P Or 
Added Intensity,s Atm. (Calc. ) (Na )(S)¥ ey, 
— NE 
— _ 
0 hwo 23.0 0.027 0.92 aoe 110) 
02014 4.00 16.8 02.055 0.92 Cae 
O.01 4 4.00 20.6 0.044 0.88 O.c7 
0.027 3.90 TOO 0. ole Ones Cae 
O.047 5250 21.0 0.058 E30."fe 0.63 
0.112 (0 20.5 CLL 0.38 0. 62 
0.233 0.97 Ov 0.236 6.016 0.61 
x 





Ce 
Ye (Na) from reference 26 
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In these last three experiments we used relative signal intcnsi: 
which are proportional to the electron concentration, in our calculi 
rather than attempting to measure the absolute vaiuve of the ci.cctron 


centration. 


Bo Pressure Dependence Studies Usinr MOR 

Two runs were made using ESR to verify the pressure dcpencdencems 
found by optical methods. In the first, IM KANE, solutions were preps 
in such a way as to vary the hydrogen pressure. This was accomplishe 
simply keeping the weight of potassium and the volume of ammonia in ¢ 
sample constant and varying the total volume of the tube. The secon 
set of experiments were run using saturated Nani, solutions. ~ Herc wm 
volume of the tubes and the quantity of ammonia were kept constant a 
the quantity of metal varied. The results are shown in Table VIII. 


both cases the intensity of the spectrum was linearly dependent upon 


the square root of the hydrogen pressure. 


C. Temperature Dependence of the Equilibrium 

The temperature dependence of the equilibrium of reaction (1) wa 

studied for three Sean concentrations of INE, and of reaction (2 

for a saturated solution of NaNH,- The results are shown in Table cx. 

We treated the data by using the ratio of the signal intensity ai 

a given temperature to that at a base temperature to calculate the ra 

of the equilibriwn quotients K /K where the subscript rt denotes tne 

base temperature. We used ambient temperature as a base because it 
could be easily controltled by a simple adjustment of the wir flow 

around tiie sample and dint not require the adjustment of the thermostag 


The signal intensity value had to be corzreeted for the change an 


oe 


Table VIII. Hydrogen pressure dependence 








Peeve mem olenal Electron ret wg Bewarccie 
PrLeesure Ee y Concer. 76n Comet. 


iM JON, SoluGi6n 


Ze 5. {0 eae 107° | as Ux 107 : 
29.0 4.92 ee " 1.6 

19.4 4, 32 9.92 155 : 
16.8 3.68 8.43 16 

OO 2,87 6.60 ec 


Saturated NaNH, Solution (0. 027M) 





50 3 0,418 0.94 x 107° Bn 5 107 
3h "6,382 0.87 aah 
25 0.310 0.71 3.6 
22 0,316 0.71 poe 
19 0.28). 0. 64 Batt 
14 0.243 0.56 Dae 
. : ~, 2 , 1/2 
From the expression UNH, J Ae Bt 
, K = aa 
|S eal 
: 1/2 
From the expression Ho 


a 
=e 





{+ a 3 
[Na JLe” hy 


The activity coefficients were estimated from References 25 and 26 











eile 












tne Boltzmann distribution of the er “rey levels with changin tempe 


a 


6 & given temperature the distribution ratio is written 





Np ; exp(~2.,/xT) ie 2 AB 
Ny ee iil 


. or 
l exp(-I, /k?) - — 


and by expanding we ect 





iB = 7 AE ™ axe Ae? + 
‘i ‘F arcer)® 31 (ser)? 


OL is small compared to x? so neglecting higher order terms and re= 
arranging we get 

AK 

Bo aes 

No-N, is proportional to the signal intensity so as an approximation 

we corrected the intensity value by multiplying by the ratio 1/1. 

The ratio of the equilibrium quotients for reaction (1) 


: : 1/2 
aes Le UNH de te 


be art UNH, J PY . 


had to be corrected for the change in the hydrogen pressure with tem 


ture and the change in the NH, concentration due to the change in the 


censity of the solution. The pressure correction was made assuming 


hydrogen behaves ideally and considering the change in solubility of 


9 


e ° . ° 19 
hydrogen in liquid ammonia with changing temperature and pressure. ~ 
see Appendix B. ‘The NE, 2ONneCeNnGYAU1ON. is directly pronortional to t) 
Genesio yeor “ine solution, tierefore, density was substituted for the @ 
concentration in the expression for K af Ke As an estimete of the dent 

re ; ; 
ae ee a ‘ } - . 16 a 
Oi the solution #e used the densijlor of J2qulda ammonia. The expresem 


& 


aia 


for reaction (1) was 





oo 
cs 
< ( 


S ( . es (= 1/2 
ae wre 1) ig 


where S equals the observed signal intensity, T the temperature in ne 
P the hydrogen pressure in atmospheres and D the density of tne solution. 
The ratio K /K was plotted against i aa and is shown in tis. 7 and 


2 


Pig. 8. We calculated the slope using the vant Hofr equation: 


K4/ 


hoon ~ 
is Le ; a fn K,/Kp 7 
1/2, > 1 ve oS 


This gave a value of -15.7 kcal. It is interesting that the heat of 
reaction appears to be independent of concentration. 

The value -15.7 keal is a measure not only of reaction (1) but 
also of the ance of the heat of dissociation of the ion nair 


KMS. No one has measured this heat of dissociation so in order to 
calculate the heat of reaction (1) we had to estimate a value. From 

the heat of solution of KI in liquid ammonia determined by Gunn and 

ence we obtained a value of -3.5 keal re the heat of Ailution of KI. 
By bectitne that ANE, would have a comparable value and assuming that the 


KNH, is mostly ion paired (IC, ~ 2x 10°?) we calculated the heat of 


reaction (1) as 





es 5 “ z 
K NH, a a MH = = 39.5 xeal. 
- c.. 
ai i. Far 1 /oxy : 
N as “94 7 fa = i ios , aj ih eu /N ae aan Ds f ren, | : 
e + a = By a cil, Arif = -1G9.2 Reet 
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Sos 


Tie ratio of the equilibriwn quotients for reaction (2) is: 


eres _- 1/e 
Set a Leia! (Haj : 
oe 





We ene this expression for the temperature change in the same way 


as for reaction (1) and obtained 


e SJEDE 2) (ie 


This ratio was plotted against 1/T in A 8 and tne slope determined 
to give a AH = -12.3 kcal. By estimating the heat of solution of NaN, 


as approximately zero we calculated a value for reaction (1) as: 


NaNy(,) = Na + NHS Ni a ano Stent 
Na +e” + NH, = NoNH,(,) + 1/2H, Ai ee ea 
e + NH, = NH, + 1/2H, AH = -12.3 keal 


This value does not agree with the value calculated from the data for 
the KNHS solutions but does agree with that estimated from other 


thermodynamic data, -le kcal. 


se 





Table IX Temperature dependence 
BI ee elles ge et Ne ay, 
Temp olenal S «4 F Temp Pressure Densiiga 
eK anvensicy iy Prt Correction Correction Correction 
0.85M IMI, Run 1 
204.7 i220 1 iu a l 
309. 4 4 hO D550 1.045 0.979 1,035 
Dea 10455 8.2h ere 0.960 1.038 
55550 2h.h0 19.45 dhelias 0.935 1.090 
320.0. -9.6 7.6 1. 000 0.962 1.060 
0. 85M KN, Run 2 
- 294.7 2.09 1 - 1 1 
280.9 0.354 LeroG 0.950 13025 0.970 
265.7 0.100 * 0.08 0.910 1.050 0.945 
0. 85M KNH, Run 3 
324.7 17.20 9.07 106 0.953 1.072 
316.0 9.70° S30 L070 0.966 1.050 
30870 eS 3.08 L0es 0.980 1. 032 
303.3 3-2 eels 1.028 0.985 1,026 
294.7 reo On” if 7 1 3 
1.05M KNH, Zz 
eee Hee) 0.100 0.920 } 1.042 0.950 
27h,2 FOU On135 0.932 LeOa5 0.956 
2738.2 220 0.201 0.943 i050 0.965 
283.2 6,28 0.321 0.960 1.020 0.97% 
283.9 T2350 Ones O2Oci 1.020 0.977 
290.5 15420 emu. 0.985 S100 0.993 
294,2 19.20 0.980 0.999 1 0.999 
294.7 10260 ] 1 i 1 





he 


Table IX (Continued) 





ae Sa s_/s y Temp io ee uns) ‘IE 
rn ILCs Ic Poe Correction. .CoOrtce tor sor eon: on } 
2.01M KON, 
e7e.9 O00 (0.3.35 0.927 1.040 Cee Om nort 
2S0,e eee 0.240 0.950 2025 0.970 tLe eo 
288.0 Cee 0, 506 0.970 12020 0.985 QnEoe 
204.5 penta i a 1 Al 1 
paturated 1 4NH, 
296.2 36 a - 1 1 2 
201.2 5025) 1.40 TODS 0.992 0.988 oo 
306.2 63 1.66 12055 0.982 0.976 1.8% 
Bi oee 99.5 Save L050 opewes . 0.960 2.98 
Bigee 56 h65 1.071 0.965 0.950 3.99 
sole 65 ec h027 0.986 1 2ge2 1. 74 
300.7 48 ies 1.015 0.992 0.989 1.32 





ae 
Room Temperature of KNH, Runs 294.7 °K 


NaNH, Runs 256.28 | 


% 
Direction of Temperature Change Reversed 
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VI. DISCUSSION 

















The most consistent result in this investigation was the efiemgs 
hydrogen pressure on the system. Without exception, the elecvurommas 
centration at a given amide concentration was directly proportional 
the square root of the hydrogen pressure. This result agrees exacm 
with the stoichiometry of the reaction of an alkali metal with gga 
nmmonia. 

The effect of the amide concentration was more conmiex. iG 
apparent from the data that activity coefficients have a strong effe 
the equilibrium. 


The expression for the thermodynamic equilibrium constant of (1 


| 1/2 
UNE] Yy ey me 


fe] Yo 


a= 





We rece =l and this left a ratio of the activity coeffix 
of two negative species. We at first assumed that this ratio approa 
unity even at concentrations as high as 1M. Our data indicate that 
assumption is not valid. if one considers the size effect of an ion 
a solvent of low dielectric strength we can qualitatively explain tim 
result. The ammoniated electron is usually considered to behave as & 
large negative ion while the amide ion in liquid ammonia has been con 

29 
cluded to have a small effective radius. 
+ P eee! DO ee , J 

In most of the common theories of electrolytes chis size parcm¢ 
has an erect on che, Briicu plea wi.ue of the activity coctficiemm 
we consider the derree of @issoc- ation of the ionic species to bem 


andication of the specific Tonic Imheraetions, we ein use as Tuxstaee 


cvicdence of 2 e ffemence in me ec vita coefficients the fact them 


ehOe 


dissoeiation constant of potassium in liquid ammonia is approximately 
“6 3 ae mr . -) 

10 while cnat for ANE 2 iG e 

ad. 


The application of the Debye-lickel theory to our datn fntied to 


produce an equilibrium quotient which was eonstant at alt. umide eonecn- 
trations. It did however result in some improvement in tie curve in 
ied, s Ine use of Activity coetiicitents estimated .yom enpiricai-dava 
produced an even larger improvement. We believe thay with the proper 
values for the activity coefficients the concentration effect could pe 
Pecouncec. Jon, 

Tne measurement of the equilibrium by EPR was hampered by the 
effect of the dielectric strength on the sensitivity of the instrument 
and by the lack of accurate dissociation dene ca for GAlts fe Co a Vin 
extrapolating the data to zero amide concentration we did obtain a value 
in agreement with the optical data. Considering the accuracy of measuring 
the electron concentration by this method (~ = 50%) the result is rather 
LOR CULLOUE: . 0G does at least indieate the order of magnitude of the 
equilibrium constant and when eonsidered with the optical data we 
evaluated the equilibrium constant as approximately 5x 10 for reaction 
(1). 

‘The expression for the equilibrium quotient of reaction (2) is 

(Na”) (e7) (¥f) 


srom the EPR data of Table VII we determined a value of K = 3.4% 107. 





K 


Using the data of Table II, which was obtained optically, we caleulate 
CS ok 10”. This is in remarzxably gooc agreement connidgerin:;: the in- 


neCuraey.Ot CNC OnLiLGal Uwe Cie to the Low net abso occice Of ne 


rt 
See, 


Se 


ane vemperature dependence of the two systems resulted in a 






comparable heat of reaction for the overall reactions (35) (+) but when 
an attempt was made to calculate the heat of reaction (1) e + MH = 


55 the results diverged. The lack of sufficient thermodynamic data 


precludes any further treatment of this problem-a0 Unis cages 


C2 


The difference between reaction (1) and reaction (2) is the dis 
: 4 


lution reaction of NaNy 
ee) 


oe = i Nae al 
i, MHS + 1/2H, (1) 

Pee we 

Na+ e° + NH, = NaN.) + feu, (2) 


ae *f- = 
Nalif, =: Na te 
le 


Therefore, the ratio of the equilibrium constants of reaction (1) and { 
is the solubility product of the Nah, solution.  ~Caicnuiacing K_ from «i 
CONnCentravion of 8 saturated solution of NaN, (0.027M) and an estimate 
value of the aativity COGTTiClLent (0.27)? we obtained K = 5X 107?. 
a data resulted in a value of K, = aK 10°/3 x 107 = 1.7 x 107" 


which is in fair agreement with the value determined from the solubilit 


aata,. 
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APPENDIX A 


Cate. On Of tne Jiide Concencratioir Oo. wre Onviest. Gries 


N 


in the determination of the amide concentration oT tne optileal sanpiecs 
from the weight of the metal and ammonia used, we had to account for thar 
sreetion or the ammonia whieh was in the gas phase. This oftcn amounted 
to about 15% of the weight of ammonia used. The following example illus- 
vrates this ealeulation. 

The volume of the cell plus the gage was determined to be 20.24 ee, 
1.290 grams of ammonia and 0.0325 grams of potassium metal were used in 
the sample. The potassium reacted with the ammonia to form 0.832 milli- 

7 % sree @ 7 T e 16 a ° 4. 
moles of KNH,. The density of solid KNH, is 1.64 g/ec”” and the density 
ma e “A Oo @ 6 fy) Oo @ e ° e 
or ammonia at 25° is 0.6028 ¢/ce. By estimating the chunge in volume 
of the solution due to the added KNH, from the density of solid KNIT, we 


ealculate 


1.290 ¢ 55.1 g/mole x 0.832 x 107? 
= + cei La = 
“ 0.6028 g/ec 1.64 g/Jec uae 
The volume of the gas svaee was estimated to be 20.24-2.17 = 17.07 ee. 
The vapor pressure of the ammonia was es imted from Raoult's Law. The 
mole fraction of ammonia in solution is 0.99 and the vapor pressure of | 


° oO . . . ° 
pure ammonia at 25 is 9.9 atm. ‘The partial pressure of the ammonin in 


the solution is (0.99) (9.9) = 9.8 atm. Substituting these values in 


the van der Waal eeune one 
2 
4.170 n | 
Pea en ; (V - 0.0371 n,) nee (A-1) 





4.170 n_ 
(9.8 + — \ (2 ,OtGk. = 0.0572 n_) - 2yih n 
(0.0181)" ¥ G 


we-calculnved tie) yale “of ae by successive approxinntions. Wit 
ootained in this first step, 0.0072 moles was used to obtain a value 
for the volume of the solution and the entire procedure wis repeniems 
The second volume was 1.96 ce which gave a net volume of the fas spa 
equai to 18.3 cc. Substituting in (A-1) we get AS = 0.0977 moles. 
volume of the liquid calculated from this value is 





2.17 ce = (0.0077) (17.031) /1/64 = 2.00 


and the net volume of the gas space is 20.24 - 2.09 / 18.15 co. ae 
sudstituting in (A-1) we calculate a, = 0.0076 moles. The volume of 
the solution was then calculated to be 2.09 cc. The concentration 


the KNH, was then 0.832/2.09 = 0.398 M. 


~5)- 


APPENDIX B 


Details of the Determination of Hydrormen Pressure «7d 


Rice COMeCMula cl On Ob ule sen oa Les 
ihe number of moles oi: hydrogen n produced by ene rotetion: 
a 


(3-1) 


Mir 
rs 


2 


M + ‘a = GMI. + 


was determined for each sample as previously deseribed. Tne total hycro- 


mom =ecan be expressca as 
Nn —_ nN =e ae (B-2) 


where De is the number of moles of hydrogen in the fas phase and ny the 


number of moles dissolved in the solvent. Assuming that the e:reet of the 
added sait on the saa eey or Nnydrocen is negligible, and tha wydrecen 
benaves ideally at the temperatures and pressures studies, we.determined 
ny and nes From & plot of the data for the solubility of hydrogen in 


19 


Liquid ammonia given by Wiebe and Tremaerne’~ we obtained a value 
es : 
ee : r ee) 

where V is the volume in ec's of hydrogen at standard temperature and 


pressure dissolved in one gram of NH, per atmosphere of hydrogin vartial 


2 


pressure. Applying the ideal gas law, the amount of hydrogen in solution 


ean be expressed as: ~ 


k 
Mojo SBA OO “Hy "NH, € 


Vere Wits is the weight of Wii, tn erams. If the measured volume of 
UN ke ) 


ry 
Oo 
rv? 


IGuLd was used instead ot the Wim’, CMe Ae Sean ao Ve stl 
ata ace 
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Woes where Vives is the volwre of the solution minus the volume of the 
9) Ss = 


amide Dased on the density of the density of the solid amide. A com- 
parison of the value for pressure obtained using weight against the 
value using volume on a given sample agreed to within 5. From the 


ideal gas approximation 


V.. P 

Y Y 
ae He, a0 
Gg ~ §&2.064' 

ane ap! | 
]! 11 1 
Vice lg A ene ae — i 
7. ie t.. Cer 22,400 “HH, MIL 
f= 


Rearranging we get 


“ - uD 


ey 
62.00f “Hy / 





Ae k : 
= of 1 \ 22,400 "NH 


At 25° the above expression reduces to 


lic 1 


Py VP OBO (B- 
H LI Vig F O29 


2 


The volume of the gas space was determined as the total volume of the 
sample tube minus the volume of the solution and any undissolved amide 
in the tuve. The volume of the solution was determined by weight anc, 
i2 vossible, by direct measurement of the height of the liquid in the 
serie tube (of known cross sectional area). 

In all ofthe FPR experiments the r tio of the gus volume to the 
438279 volume wos less tnan 0.9 and we assunied the amount of Bi in une 


"as “AaAse wich respect to thegi~@uid nhase to be neslirible. Whielmae 


- 


nrer 
Eas 


vei boy ce © t > 
7 


wis used to dchcmiine the volume or the solution, Tia 


Volume. of “the Solution, «ne volume of the-amide, basca on ics cena.) 
& solid, was added to the velume of pure Mit, Cr Con lee. s MOm a VoeCeG rec: 


ine eoncentration of amide in the sample solution was then determined by 


[MNH,, ] - en, /V (solution) (r-9) 


2 


In the following example we calculated the hydroren pressure and amice 
concentration for the 1 M sample of Table IV. 

The total number of moles of hydrogen, n, was devermined irom the 
measurement deseribeda under the experimental section. The volume of the 
gas buret was 9.65 ee and the hydrogen pressure was 307 mm and from the 
ideal gas assumption we calculate Ne = 0.262 x 107° moles. The cross 
section of the sample tube was 0.0227 oe and the total lengtn was 
22.12 cm. The total volume of the tube equalled 0.502 on The height 
of the liquid in the Ente was 14.20 cm and its volume was 0.322 ee 
By difference the volume of the gas space was 0.180 ae Substituting 


in (8-8) 


Beet ie 0.161 x 107°) 107? Sage ess 
ue Mere (OnmeO tO 2oRMOss=2 


The amide concentration was calculated from (B-9) and equals 1 - O ™. 
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APPENDIA C 


Calculation of the Elecsron Concentration from MPR Results 













yy 


The intensity of the =PR spectrum of a solution of nlkal.l ica 
amide in liquid ammonia in cquilibrium with hydrogen was comparcgia 
benzene solution of reerystallized vanadium (IV) oxyacetylacetomite o 
xnown concentration. The effect of the two different solutions on I 
Q value of the cavity was accounted for by means of an intermedi 
standard of solid diphenyl picrylhydrazyl. 

The intensity of & resonance may be approximated by: 


I = KWH (Cc 


where W is the peak to peak separation of the derivative and H is Ghe 
height of the resonance. The constant K is determined by the line sh 


and some of the values are as follows: 


Lorentzian ine eo: 
Gaussian Line 0.02 
DPPH ee 


The shape of the Vo Gee is Lorentzian while that of the electron 
the meval amide solution approaches a Gaussian shape. A value of K =. 
was estimated for the electron line. 

In order to use the equation (C-1), the modulation amplitude used 
obtaining a resonance must be less than 50% of the line width. This 
Aimitation required the use of different modulation amplitudes for the 
eleeuron and the vo. If the modulation amplitude is less than 5% oi 
the line width, then the signal intensity is proportional to the modulg 
sion amplitude. The signal was corrected by dividine by the modulatviGH 


amplitude M, 


A578 


mae intensity of the resonunce “1s corrected for whe cnanse in une 
Qeor theecavity oy dividing by Dp, the corresponding DPPit signa. onvcusicy 


eC 


KY 
moe (C-2) 


~ Wy 
The concentration of the electron was calculated from the expression 


Cie 
fay = ave (c-3) 


oa 





The dave used to calculate the electron concentrations in Table IV are 
shown in Table C-I. All units except concentration cancel in (C-3), 
CUnheretore we Used relative scalesvaiucs peer, Wand: D- 

Ine concentration of VO was 1.86 X ona Me SS Specurum Consiscs 
of 8 lines of equal.intensity. At a modulation amplitude, M = 100, we 
measured H = 43.7 and W = 8 for one line. The corresponding DPPH signal 
had an intensity D = 50. Substituting these values in (C-2) and multi- 


plying by eight to account for the total intensity of all 8 lines we get 


o 
Lott _ Se isol) 1 4307 Soe 


(100) (50) 


Using (C-3) the electron concentration of the 1 M sample in Table C-2 


was calculated as follows: 


-3 7 
eo = eo xeon) eon = 4.50 x 107° " 
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Table Cel 


Determination of Electron Concentration from EPR Data 


MI, H D i 10° e = 10° 

0.269 BENG Son 1.96 Loe 

O,361 5605 306) 3 «50 3G 
815 32.6 23,6 4 OL 928 

1-00 33.4 22.4 ioe — 9,92 

peo 29.9 , 86 3.68 BS 

2.h0 26 .8 156 sD | 13 ae 

a KEW 

“e MD 


*W (width at half height) 


= O17 
M (modulation amplitude) = 10 


i ee 
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APD A 


Calculation of an Equilibrium Consvant 


Using a Modified Debye-Hickel Theory 


The equilibrium function describing the reaction: 





Z = 1 , 
= + = - 
Cam 7 Mb NH, ea (D-1) 
can be written as 
Sea ie 
INH) Va Pi, 
K = | = (D-2) 
3 2 
fe") Veo 


where [NH, ] and [e ] represent the actual concentration of dissociated 
charged species and ‘Y, the corresponding mean ionic activity cocfricicnts. 
the activity coefficient of the hydrogen will be assumed to be unity. In 
the potassium amide solutions under study, we used relatively high con- 
centrations of amide with respect to the electron and assumed that the 


ionic strength of the solution was due to the dissociation of the amide. 


es 
— ++ od 
KNH,, K NH, (25) 


and the equilibrium for this reaction was written as 


t 7, aed 2 
[K UNH, ] "Y4 


ee ray (D-4) 


where the activity of the neutral species was assumcd to be unity and the 
lon concentrations are those of the dissociated specics. Let @ cqual 
the degree of dissociation and C the stoichiometric concentration of K%,, 


On) 
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ea 
Cea 
7 - 


The activity coefficient can be expressed by the Debye-lHuckel approxim 
tion _ ‘ee 


~ tiny, = a(oa)/#/(1 + B(ca)/*) (Dae 


where 


ee 81 Neo 1/2 


A= as prt \000 Det 
and 


i (p-8 


— Grr Ne“ 1/2 
= XLOCOLDICE 


In addition to reaction (D-3) we had to consider the reaction 


where M represents the undissociated ion pair. The dissociation con- 
stant for this reaction is 

= + 2 

fe J(M }y, 


Oo - (D-10 
(M} | 


LO rh 
Gold and Joily have shown that both the electron and the undissocia’ 
jon pair have the same optical absorption spectrum. Therefore the 
total concentration of absorbing species is.the sum of the electron 


and the undissocilated ion pairs. 


S=(e)+ (M) - (D=11 


By rearranging (D-10) we obtain an expression for [M] 


Eola 


es fey ae (D-12) 


Substituting in Eq. (D-11) and rearranging we get 


“ 9 
oe ae eee are 


ie 
(M hy, 


Ke 


1 + 


The values calculated for (e ), ye , (NH, J = aC, and Y, KNH, were 


wien SUDStPcuTed in Eq. (D-2) and the equilibrium constant determined. 


The results are shown in Table D-I. 
The following calculation for the 1 M optical sample is given as an 
example. We asswmed a value of 0.015 for the degree of dissociation a 


and calculated GY = 0.015 and (oa) 1/4 = 0,123. Substituting in (D-6) 


- fn Yes 11.75 (0-123) ee = 1.27 
~ 4+1.29 (0.123) 


2 


= Os20e Yn = 0.0791 
Substituting in (D-5) we calculated 
a oS 
oe (1) oom (O,O Tr ec 10 
2 
a elt 
2, Se. 
Sy a 
=o. 0le 


If the value had not agreed with the first approximation it would | 


have been substituted back intc Fq. (D-6) and the process repeated until 


the result converged to a constant value. 


From the value calculated for @, we determined the ionic strength 
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= OX. A value for B was calculated for the metal by assuming a value 


8 


fora =4x10° cm An activity coefficient was calculated from (D 


-2,1/2 
-iny, = GEE lO Rete atc 2 5 = 1.065 
3 ee Os eo) 


Ve = 0. 344 vf = 0.118 


At 100 atmospheres of hydrogen pressure, the concentration of absorbi 
species was determined from § = A/ed where the absorbance A = 0.598 
the molar extinction COeCT Terentia, ion and the path length 


d = 1.004 (Table I), S = 5.05 x 10°?, Using a value of K, for (D-9m 


= 20% le we calculated the electron concentration by (D-13) 


-5 
[e] = a = 4.63 x 107° 
1 (1.5x10 ~)(0.344)"/(2x 10 7) 


Substituting these values into (D-2) we calculated on equilibrium cons 


2 1/2 
aa 0.015 )(0.282 )“ (100 = 2.17 x 10° 


ed (4.63 x 1077) (0. 344 )* 


EO: 


TABLE D-IL 


Results of the Debye-Hickel Calculation 


rotor MgC) yg () © _ 
Amide Dissociation | LO Pa 
2.0 1.95x107" Oke 0.225 6.65 2.62 
nO OO Cae 0.247 6.56 2.45 
Dey ie 0.192 0.260 Seon 2.00 
1.4 Leo 0.228 0.295 SoS 2,29 
1.2 50 O52 55 0.320 4.89 2.32 
eo S30 0.280 0.344 oo aa 
0.93 1450 0.290 0.354 4 62 1.98 
0.80 150 0.318 0.576 461 1.82 
0.72 1.50 C4900 0.390 S20D 2.02 
0.68 P50 | Oy 5tGe, 205 596 oh Od 
0.587 1.50 0.372 ©0422 3.39 1.95 
Orb ae 2-50 0.580 2 10, 120)-* 347° 1.82 
O250uN 250 110.415 0.456 3.01 eeol 
O.40 15 : 0.420 0.463 2.88 Toe 
Oa “7° *0.480- 0.502 mente 1.74 
0.26 1.80 Mao, 02" 70.550 .250 iOS 
0.20 1.90 es 20 ok 0.540 2.41 1.40 
0.19 ies. 0.516 0.55 2,22 Teo 
0.16 1.98 nO ose Os555 2.62 1.14 
O.1 2.05 0.539 0.563 1.63 eee 
0.067 2.70 » 0.620" -©0.635 lg ‘i 


> 4 . ~o,* 8 7 
LI LE CLL LA TCD CL PLT ED LTT I ORT CO ABS Ta P~PE CO r e  SPA PP t tteaPficgra gg 
mene TE TOT TD CTO Ae SS SR Te tg NSP SPE Pei ON age te ete 
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